The structural transition stages induced by the interaction of the non-ionic surfactant Triton X-100 on phosphatidylcholine unilamellar vesicles were studied by means of static and dynamic light-scattering, transmission-electron-microscopy (t.e.m.) and permeability changes. A linear correlation was observed between the effective surfactant/lipid molar ratios (Re) ('three-stage' model proposed for the vesicle solubilization) and the surfactant concentration throughout the process. However, this correlation was not noted for the partition coefficients of the surfactant between the bilayer and the aqueous medium (K) 
The structural transition stages induced by the interaction of the non-ionic surfactant Triton X-100 on phosphatidylcholine unilamellar vesicles were studied by means of static and dynamic light-scattering, transmission-electron-microscopy (t.e.m.) and permeability changes. A linear correlation was observed between the effective surfactant/lipid molar ratios (Re) ('three-stage' model proposed for the vesicle solubilization) and the surfactant concentration throughout the process. However, this correlation was not noted for the partition coefficients of the surfactant between the bilayer and the aqueous medium (K) . Thus a sharp initial K increase was observed until a maximum value was achieved for permeability alterations of 500% (initial step of bilayer saturation). Further surfactant additions resulted in a fall in the K values until 100 % of bilayer permeability. Additional amounts of surfactant led to an increase in K until bilayer solubilization. Hence, a preferential incorporation of surfactant molecules into liposomes governs the initial interaction steps, leading to the initial stage of bilayer saturation with a free surfactant concentration that was lower than its critical micelle concentration (c.m.c.). Additional amounts of surfactant increased the free surfactant until the c.m.c. was reached, after which solubilization started to occur. Thus the initial step of bilayer saturation was achieved for a smaller surfactant concentration than that for the Resat' although this concentration was the minimum needed for solubilization to start. Large unilamellar vesicles began to form as the surfactant exceeded 15 mol% (50 % bilayer permeability), the maximum vesicle growth being attained for 22 still presented traces of aggregated structures, albeit with monomodal size-distribution curves (particle size of 50 nm). This vesicle size corresponded to the liposome solubilization via mixed-micelle formation.
INTRODUCTION
Many studies have been devoted to the understanding of the principles governing the interaction of surfactants with phospholipid bilayers which leads to the breakdown of lamellar structures and the formation of lipid-surfactant mixed micelles [1] [2] [3] [4] [5] [6] [7] . A significant contribution has been made by Lichtenberg [8] , who postulated that the critical effective surfactant/lipid ratio (Re) producing saturation and solubilization depends on the surfactant critical micellar concentration (c.m.c.) and on the bilayer/aqueous medium distribution coefficients (K) rather than on the nature of the surfactants. Moreover, Lichtenberg [8] expressed the need for experimental data on the distribution coefficients at sub-solubilizing surfactant concentrations to obtain complementary information on this complex phenomenon.
The solubilization and reconstitution of lipid bilayers by surfactants have been the subject of a number of mechanistic speculations where open bilayer fragments appear as crucial intermediates both in the closure [9] [10] [11] and solubilization processes [6, 12] . The mechanisms on this transition are far from understood, since a detailed description of the process has yet to be given. The non-ionic surfactant Triton X-100 has, because of its properties as a good solubilization agent for membrane proteins, been the subject of a number of studies [13] [14] [15] [16] . In earlier papers we studied some parameters implicated in the interaction of surfactants with liposomes at subsolubilizing and solubilizing concentrations [17] [18] [19] . In the present work we seek to extend our investigations by characterizing in detail the overall process involved in the interaction of a Triton X-100 with phosphatidylcholine (PC) neutral liposomes, at both subsolubilizing and solubilizing levels. To this end, we present t.e.m. pictures and vesicle-distribution curves of Triton X-100/ phosphatidylcholine systems for different stages of this interaction. This information, together with the comparative study of the Re and K parameters throughout the process, may enhance our understanding of the complex phenomenon involved in the lamellar-to-micelle transition process of liposome solubilization and reconstitution by surfactants. EXPERIMENTAL Materials PC was purified from egg lecithin (Merck, Darmstadt, Germany) by the method of Singleton [20] and was shown to be pure by t.l.c. The non-ionic surfactant Triton X-100 (TX-100) octylphenol polyethoxylated with 10 units of ethylene oxide and active matter of 100 %, was purchased from Rohm and Haas (Lyon, France).
Pipes buffer obtained from Merck was prepared as 10 mM Pipes Abbreviations used: t.e.m., transmission electron microscopy; c.m.c.,critical micelle concantration; PC, phosphatidylcholine; Tx-loo, Triton X-100; CF, 5(6)-carboxyfluorescein; f.i.d., flame-ionization detection; P.l., polydispersity index.
* To whom correspondence should be sent.
adjusted to pH 7.20 with NaOH, containing 100 mM Na2SO4* Polycarbonate membranes and membrane holders were purchased from Nucleopore (Pleasanton, CA, U.S.A.). The starting material 5(6)-carboxyfluorescein (CF) was obtained from Eastman Kodak (Rochester, NY, U.S.A.) and further purified by a column chromatographic method [21] .
Methods
Liposome preparation Unilamellar liposomes of a defined size (about 200 nm) were prepared by extrusion of large unilamellar vesicles previously obtained by reverse-phase evaporation [22, 23] . A lipidic film was formed by removing the organic solvent by rotatory evaporation from a solution of PC in chloroform. The lipid was then redissolved in diethyl ether, and Pipes buffer was added to the solution of phospholipid (supplemented with 10 mM CF dye when studying bilayer permeability). Gentle sonication led to the formation of a W/O-type emulsion. After evaporation of the diethyl ether under reduced pressure a viscous gel was formed. Elimination of the final traces of the organic solvent at high vacuum transformed the gel into a liposome suspension in which no traces of ether were detectable by n.m.r. [24] . Unilamellar vesicles were obtained by extrusion ofvesicle suspensions through 800-200 nm polycarbonate membranes to achieve a uniform size distribution [25] . To study the bilayer permeability changes, vesicles containing CF were freed of unencapsulated fluorescent dye by passage through Sephadex G-50 medium resin (Pharmacia, Uppsala, Sweden) by column chromatography. The range of phospholipid concentration in liposomes was 0.5-5.0 mM.
Determination of lipid bilayer concentration and particle size distribution
The phospholipid concentration (PL) of liposomes was determined using t.l.c. coupled to an automated flame-ionizationdetection (f.i.d.) system (latroscan MK-5; latron Lab., Tokyo, Japan) [26] .
The vesicle size distribution and the polydispersity index (P.I.) of liposomes after preparation and during the interaction with TX-100 was determined with a Photon correlator spectrometer (Malvern Autosizer 4700c PS/MV). The studies were made by particle-number measurement at 25°C and with a lecture angle of 900. After preparation, vesicle-size distribution varied very little (PC concentration from 0.5-5.0 mM), showing in all cases a similar value of about 200 nm (P.I.) lower than 0.1, thereby indicating that the size distribution was very homogeneous.
Solubilizing parameters
When defining the parameters related to the solubilization of liposomes it is essential to consider that the mixing of lipids and surfactants is not ideal due to the specific interactions between both components, which has been demonstrated for a variety of amphiphiles [27, 28] . In order to evaluate the alterations caused by the TX-100 on lipid bilayers, the effective surfactant/PL molar ratio Re in an aggregate (liposome or micelle) is defined as follows [8] :
[total PL] -[PL monomer] The second term of the denominator is negligible due to the low solubility of PL in water. Likewise, it is generally admitted that an equilibrium partition of surfactants between bilayer and the aqueous medium governs the incorporation of surfactants into liposomes, thereby producing saturation and solubilization of these structures.
In the analysis of the equilibrium-partition model proposed by Schurtenberger [29] for bile salt/lecithin systems, Lichtenberg [8] and Almog et al. [5] have shown that, for a mixing of lipids [at a PL concentration PL (mM)] and surfactant [at a concentration ST (mM)], in dilute aqueous media, the distribution of surfactant between lipid bilayers and aqueous media obeys a partition coefficient K, given (in mM-1) by:
K= SB (PL + SB) * SW (2) where SB is the concentration of surfactant in the bilayers (mM) and S, is the surfactant concentration in the aqueous medium (mM). For PL > SB the definition of K, as given by Schurtenberger [29] , applies:
where Re is the above-mentioned ratio of surfactant to phospholipid in the vesicle bilayer: Re = SB/PL. Under any other conditions, eqn. (2) has to be employed to define K; this yields:
This approach is consistent with the experimental data offered by Lichtenberg [8] and Almog [5] for different surfactant phospholipid mixtures over wide ranges of Re values. Given that the range of phospholipid concentrations used in our investigation is similar to that used by Almog [5] to test his equilibrium partition model, the Kparameter has been determined using this equation.
The determination of the S, and Re parameters can be carried out on the basis of the linear dependence existing between the surfactant concentrations required to achieve these parameters and the phospholipid concentration in liposomes which can be described by the equation:
ST= SW+RevPL (5) where the Re and the aqueous concentration of surfactant (Sw) are in each curve respectively the slope and the ordinate at the origin (zero phospholipid concentration).
The surface tensions of buffered solutions containing increasing concentrations of TX-100 were measured by the ring method [30] using a Kruss tensiometer. The c.m.c. was determined from the abrupt change in the slope of the surface tension values versus surfactant concentration.
Permeability alterations and solubilization of liposomes
The permeability alterations caused by TX-100 were determined by monitoring the increase in the fluorescence intensity of the liposome suspension due to the CF released from the interior of vesicles to the bulk aqueous phase [21] . according to the nomenclature adopted by Lichtenberg [32] corresponding to the Re ratios at which light-scattering starts to decrease, reaches 50 % of the original value and shows no further decrease. These parameters corresponded to the Tx-loo/lipid molar ratios at which the surfactant: (a) saturated liposomes, (b) resulted in a 50% solubilization of bilayers and (c) led to a complete solubilization of these structures. Liposomes were adjusted to the adequate lipid concentration (from 1.0 to 10.0 mM). Equal volumes of the adequate surfactant solutions were added to these liposomes and the resulting mixtures were left to equilibrate for 24 h. This time was chosen as the optimum period needed to achieve a complete equilibrium surfactant/liposome for the lipid concentration range used [31] .
Light-scattering measurements were made using the spectrofluorophotometer at 25°C with both monochromators adjusted to 500 nm. The assays were carried out in triplicate and the results given are the average of those obtained.
Electron microscopy A Hitachi H-600AB transmission electron microscope operating at 75 kV was used. Carbon-coated copper/palladium grids G-400 mesh, 0.5 Taab with 0.5 % E 950 collodium films in n-pentyl acetate were employed. A drop of the vesicular solution was sucked off the grid and, after 1 min, removed with filter paper down to a thin film. Negative staining with a drop of a 1 % solution of uranyl acetate was performed. After 1 min this drop was again removed with filter paper and the resulting stained film was dried in a dust-free place.
RESULTS AND DISCUSSION
Parameters Involved In the Tx.1,-4iposomes Interacfton It is known that, in surfactant/lipid systems, complete equilibrium may take several hours [8, 31] . However, in subsolubilizing interactions a substantial part of the surfactant effect takes place within approx. 30 min after its addition to the liposomes [14] .
In order to determine the time needed to obtain a constant rate of CF release of liposomes in the range of the phospholipid concentration investigated (0.5-5.0 mM), a kinetic study of the interaction of liposomes with Triton X-100 was carried out. Liposome suspensions were treated with different concentrations ofTriton X-100 at subsolubilizing concentrations and subsequent changes in permeability were studied as a function of time. The permeability kinetics were similar for each system tested: about 30 min was needed to achieve a constant rate of CF release.
Hence, changes in permeability were studied 30 min after addition of surfactant to the liposomes at 25 'C. The CF release of liposome suspensions in the absence of surfactant 30 min after preparation was negligible.
In order to determine the partition coefficients of surfactant between aqueous media and the lipid bilayers, a systematic investigation of liposome permeability changes caused by the addition of surfactant was carried out. To this end, changes in the CF released from liposomes versus surfactant concentration were determined 30 min after surfactant addition at 25 'C. The results obtained are plotted in Figure 1 . The surfactant concentrations resulting in different percentages of CF release were obtained graphically and plotted versus the phospholipid concentration. An acceptable linear relationship was established in each case. The straight lines obtained correspond to the aforementioned eqn. (5) from which the Re and K parameters were determined. These results including the free surfactant concentration Sw and the regression coefficients of the straight lines are given in Table 1 . An increasing tendency of Re was observed as the percentage of CF release increased. However, K reached a maximum value for the CF release of about 50 %. Furthermore, the Sv values increased as the percentage of CF released rose.
Bearing in mind that the TX-100 c.m.c. experimentally obtained was 0.15 mM, the S, values were in all cases lower than its c.m.c., thereby confirming that permeability alterations were determined by the action of surfactant monomer.
In accordance with the procedure described by Urbaneja [31] , the TX 0oo-liposomes solubilizing interaction was studied through the changes in the static light scattered by these systems 24 hours after the addition of surfactant. Figure 2 shows the solubilization curves of liposome suspensions (lipid concentration 0.5-5.0 mM)
arising from the addition of increasing amounts of TX-100-At low surfactant concentration an initial increase in the static lightscattering was observed, in all cases due to the incorporation of surfactant molecules into bilayers, the maximum values being reached for bilayer saturation. Increasing amounts of surfactant led to a fall in the scattered intensity until a low constant value for bilayer solubilization was attained. This parameter during solubilization may be regarded as a dynamic equilibrium between the different transition structural stages from lipid bilayers to mixed micelles. Furthermore, the free surfactant concentration (Sw) was always similar to the TX-100 c.m.c. Figure 3 shows the variation in Re (Figure 3a ) and the K (Figure 3b ) parameters versus the surfactant concentration, throughout the TX 100-liposomes interaction, the lipid concentration remaining constant (5.0 mM). The surfactant concentrations producing subsolubilizing and solubilizing alterations are also indicated. It is noteworthy that a linear correlation was obtained between the Re values and the surfactant concentration throughout the interaction, i.e., the higher the surfactant concentration in the system, the greater the concentration-in the bilayers. As for the K parameter (Figure 3b ) a marked initial increase was observed as the TX 100 concentration rose, reaching a maximum for CF release value of about 500%. Increasing surfactant concentrations resulted in a progressive fall in the K values until 100 % of CF release. The extrapolation of the curve (discontinuous line) led approx. to the initial K value for solubilization (100% light-scattering). Successive additions of surfactant resulted again in a rise in K, despite showing almost a constant value in the vicinity of the total solubilization of liposomes.
From the results of Figure 3a , it may be assumed that the ratio of TX-100 to phospholipid in the vesicle bilayers or in the mixed micelles appears to be independent of any possible structural organization of both components throughout the process. Comparison of Figures 3a and 3b shows that a significant variation in the free surfactant concentration SW took place during the different stages of the interaction with respect to the amount of surfactant molecules incorporated in bilayers. Thus the marked initial increase in K may be correlated with the larger tendency of surfactant molecules to be incorporated into bilayers with respect to the aqueous phase, this tendency reaching the highest point for approx. 50 % ofCF release (maximum Kvalue). The evolution of these two parameters in the subsequent interaction steps (from 50 to 100 % of CF release) reveals that a significant variation in the free surfactant concentration (Sw) took place with respect to the amount of surfactant molecules incorporated in the bilayers.
Thus a gradual increase in Sw occurs, due to the establishment of a new equilibrium in the surfactant partition between bilayers and the aqueous medium. Th-e surfactant/lipid ratio corre- Probably a certain compromise between the bilayer saturation and the formation of pure surfactant mixed micelles could be envisaged.
Dynamic light-scattering determinations and t.e.m. pictures A systematic investigation based on dynamic light-scattering measurements and t.e.m. observations was carried out in order to elucidate the structural transition stages involved in the Tx 100-liposomes interaction. Eleven representative surfactant/ liposome systems were studied. The corresponding experimental points are indicated in the curve of the static light scattered by 3.0 mM PC liposomes in Figure 2 . The vesicle size distribution (nm) and the P.I. of each system is given in Table 2 . Figure 5 shows some representative t.e.m. microphotographs of these systems.
For pure vesicle preparations (point 1) the t.e.m. picture showed unilamellar bilayers, the vesicle size-distribution curves It is interesting to note that large unilamellar vesicles began to form when the subsolubilizing partition coefficient, K, attained approx. the maximum value (K = 3.184; 500% CF release). As discussed above, this surfactant/lipid system corresponds to the initial step of bilayer saturation. These observations also confirm the maximum increase in vesicle size for a surfactant concentration that was lower than that for Re,,t and for smaller S, When the surfactant concentration reached 50 mol % (point 4) a progressive decrease in static light-scattering occurred, the size distribution curves starting to show a bimodal distribution. Thus a sharp distribution curve appeared at approx. 50 nm, which corresponded to a new particle size distribution (P.I. of about 0.250). At this point, the t.e.m. pictures showed tubular structures together with bilayer fragments. These structures were observed until the surfactant reached approx. 60 Surfactant concentrations from 65 to 69 mol % (points 7 and 8) led to the formation of multilayered structures which progressively tended to form concentric and helicoidal conformations. The t.e.m. picture for sample 8 showed the maximum level of complexity where no closed structures were formed, despite the formation of discs and helicoidal aggregates. The size distribution curves still indicated an increase in the small particle size (9.0-9.30% in 50 nm vesicle size; mean 137-92 nm; P.I. 0.215-0.205). When surfactant exceeded 71 mol % [points 9, (71.4 mol %) and 10 (72.6 mol % which corresponds to Re801)], the scattered intensity gradually decreased to a constant low value for bilayer solubilization. The size-distribution curves of point 9 still showed bimodal distribution (mean particle size of about 60 nm and P.I. 0.180), whereas point 10 again showed a single distribution (particle size of about 50 nm and P.I. 0.170). The t.e.m. picture of point 10 still showed some aggregated structures with respect to the mixed micelles obtained at higher surfactant concentrations. It is interesting to note that the Re.01 parameter did not correspond exactly with the total solubilization of bilayers.
CONCLUSIONS
From our results we conclude that in the overall interaction of TX 100/PC liposomes the Re parameter appears to be directly correlated with the surfactant concentration present in the system, regardless of any possible structural organization involved in this interaction (lipid bilayer structures or mixed micelles). This finding emphasizes the importance of the molecular interaction of both components in this process. However, given the non-linear variation in the K parameter versus the surfactant concentration, we may assume that a significant variation in the free surfactant concentration takes place throughout the process. Thus the initial increase in K may be correlated with the initial tendency of the surfactant molecules to be incorporated into bilayers with respect to the surrounding aqueous phase until bilayer saturation. The initial step of bilayer saturation was attained when the system achieved 50 % of CF release and also for free surfactant concentrations smaller than the c.m.c. This transition stage may be correlated with the establishment of a new surfactant partition equilibrium, which leads to complete bilayer saturation and to S, values similar to the surfactant c.m.c. Solubilization starts to occur at this moment (Resat).
The t.e.m. observations and the vesicle-size-distribution curves show that large unilamellar vesicles began to form when the subsolubilizing partition coefficient, K, attained the maximum subsolubilizing value (K = 3.184; 500% CF release). The maximum growth of vesicles was achieved for the transitional step of 90 % CF release (22 mol 
